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Crystals of CU:+MO~+O,~ have been grown both hydrothermally and by the Bridgman technique from 
stoichiometric mixtures of the binary oxides. Cu.+MoSO1, crystallizes in space group Pi with cell 
parameters a = 9.573(2), b = 10.958(2), c = 6.782(2) 8, ,(Y = 91.63(2), /3 = 111.01(2), A =72.%(l)“, and 
V = 632.60 A3 (Z = 2). The structure was solved by the Patterson method and refined to R = 0.026 
using 2223 independent reflections. The structure can be described as consisting in part of Smite, 
stepped ribbons of edge-sharing molybdenum oxide octahedra with a 2,3 0 3,2 cluster repeat pattern. 
These molybdenum oxide ribbons propagate along the a axis and are joined together by copper oxide 
“hooks” to complete a three dimensional network. The “hooks” are formed by a linking of the four 
independent copper oxide polyhedra: three tetrahedra and one pseudo-octahedron (in fact, a linear 
coordination of the copper with two short trans (-1.9 A) and four long (>2.3 A) oxygen interactions). 
The five independent molybdenum octahedra all show distortions typical of Mo(V1) oxides. A similar- 
ity in the lattice parameters of CuqMo501, and LiJ40501, is noted. The electronic and catalytic proper- 
ties of CU&IO~O,~ are also reported. o 1986 Academic FESS, I~C. 

Introduction 

In our earlier publication on the structure 
of C~gMo501s (I), the general difficulties 
encountered in attempts at solid state syn- 
thesis within the CuzO-CuO-Moo3 system 
were discussed. In particular, poor control 
of the oxygen partial pressure during reac- 
tion appears to have been responsible for a 
number of inconsistent reports concerning 
the nature of the Cuh40/0 phase diagram 
wo. 

Clarification of the subsolidus phase dia- 
gram for the &/MO/O system must rely on 
single-crystal growth and subsequent struc- 
ture determination. In the cupric molyb- 

* Contribution No. 3949. 

date system, the structures of CuMoO, (5) 
and CU~MOZO~ (6) have been determined. 
In addition, the structure of a mixed cupric- 
cuprous molybdate, CU+MO~O~~ (x - 
0.15) (7), has also been reported. We have 
concentrated our synthetic efforts on the 
formation of cuprous molybdates. Re- 
cently, we reported on the hydrothermal 
synthesis and crystal structure of Cd+ 
Mo?O,s (1). We now report on the prep- 
aration and crystal structure of the new cu- 
prous molybdate, C~+MO~+O~~. 

Experimental 

Hydrothermal synthesis. The stoichio- 
metric quantities of Cu20 and Moo3 neces- 
sary to make a 5-g sample of CLQMO~O~~ 
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FIG. 1. Thermal analysis curves for CuqM0~0,~: (a) DSC in nitrogen and (b) TGA in oxygen (heating 
rates SWmin). The observed TGA weight gain of -3.5% is in good agreement with the oxygen uptake 
calculated for Cut+ + Cu*+ (3.2%). 

were sealed into gold tubes (&in. diam, 6 in. 
long) along with 5 ml distilled water. The 
tubes were then sealed in air. The sealed 
tubes were subjected to 3 kbar pressure in 
an autoclave and subsequently heated to 
500°C for 12 hr. The autoclave was slow- 
cooled at lO”C/hr to room temperature. 
Upon opening, the tubes contained beauti- 
fully faceted, dark metallic-looking crystals 
of millimeter dimensions. The crystals were 
water-washed and air-dried. Under the mi- 
croscope, very thin crystals appeared red- 
dish-brown in transmitted light. A suitable 
single crystal was chosen for the structure 
determination. 

Bridgman growth. For measurements of 
the electrical properties of CU~MOSO~~, 
crystals larger than those grown hydrother- 
mally were desired. Since CuqMo~O17 melts 
congruently (see Fig. l), the standard 
Bridgman technique was applied (8). 
Boules 1 cm in diameter were grown from 
which crystals, several millimeters on an 
edge, could be cleaved. 

Analysis. The chemical composition of 
single crystals of CU~MO~O,, was checked 
both by conventional chemical analysis and 
electron microprobe. The results were as 

follows: standard chemical analysis’-Cu 
= 24.7(4)%, MO = 46.8(3)%, 0 = 28.1(4)%; 
microprobe analysis-Cu = 23.6( 1.2)%, 
MO = 47.7(2.4)%; calculated for CudMos 
017--Cu = 25.27%, MO = 47.69%, 0 = 
27.04%. 

Thermal anulysis. Thermogravimetric 
analysis was carried out on a DuPont 951- 
1090B instrument at a heating rate of 5°C 
min in an oxygen atmosphere. Differential 
scanning calorimetry was performed with a 
Du Pont 910-1090B instrument at a heating 
rate of 5Wmin in a nitrogen atmosphere. 
The traces are displayed in Fig. 1. 

Electrical measurements. Resistivity 
measurements were made on single crystals 
of C&M05017 utilizing the standard 4-probe 
technique. Indium contacts were soldered 
onto the crystals in a nitrogen atmosphere 
to avoid oxidation. The data are plotted in 
Fig. 2. 

X-ray powder diffraction. X-ray powder 
diffraction patterns were obtained with a 
Guinier-Hagg type focusing camera (r = 40 

’ Metals were determined by atomic absorption 
spectroscopy and oxygen was determined by oxygen 
fusion in an inductively coupled carbon crucible under 
argon. 
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FIG. 2. A plot of the resistivity data for Cu4M0501,. 

mm). The radiation used was monochroma- 
tic CuKari and the internal standard was sil- 
icon. An Optronics P-1700 photomation in- 
strument was used to collect absorbance 
data from the film. Peak positions and rela- 
tive intensities were determined with local 
computer programs. The lattice parameters 
were refined by a least-squares procedure. 
The refined triclinic lattice parameters for 
Cu4M050i7 are a = 9.573(2), b = 10.958(2), 
c = 6.782(2) L$ a = 91.63(2), /3 = 111.01(2), 
y = 72.96(l)“, and V = 632.60 A3; with fig- 
ures of merit F2,, = 58 (9) and Ml0 = 34 (10). 

The X-ray powder diffraction data for 
CuqMo50i7 is given in Table I along with the 
Z/Z0 calculated on the basis of the single 
crystal results. Also compared in Table I 
are the unit cell parameters for CudMo5017 
and L&MO50 17 (2 I ). 

Structural determination. Data were col- 
lected with an Enraf-Nonius CAD4 X-ray 
diffractometer (equipped with a monochro- 
matic MO& source) using a parallelopiped 
crystal of CuqMo50i7 with the dimensions, 
0.055 x 0.055 x 0.150 mm. Twenty-five dif- 
fraction maxima were located and used to 
obtain the cell parameters: a = 9.570(2), 
b = 10.959(5), c = 6.788(2) A, a = 91.68(3), 
p = 111.00(2), y = 72.97(3)“. For 2 = 2, the 
calculated density is 5.275 g/cm3. 

A total of 2240 reflections were collected 
at ambient temperature using the o-scan 

mode in the range, 4” < 28 < 50”, with a (0.8 
+ 0.35 tan 0) scan range at 2Vmin. There 
was no evidence of radiation damage to the 
crystal during data collection. The data 
were treated in the usual fashion for 
Lorentz-polarization and absorption (12), 
yielding 2223 independent reflections with I 
2 3~. With p = 113.79 cm-‘, the transmis- 
sion factors varied from 0.24 to 0.61. 

The structure was solved using an auto- 
mated Patterson solution method and re- 

TABLE 1 

THE POWDER PATTERN OF Cu4M05017 AND A 
COMPARISON OF THE UNIT CELL PARAMETERS OF 

Cu4MoS0,, AND L14MoS0,, 

IlI&alc) I& h k 1 d(obs)A d(calc)A ZO(obs) 

<0.5 2 1 1 0 
19 18 0 0 1 
34 41 0 1 1 

4 8 0 I -1 
3 12 0 

<0.5 02 0 
8 16 2 I -1 
5 10 1 0 I 

13 22 2 0 -I 
3 3 I2 -I 
I 3 02 I 

40 56 -I 2 0 
17 18 -I 1 -I 
2 3 -2 1 1 

47 56 1 3 0 
2 4 -2 1 0 
6 12 0 3 0 
3 4 IO -2 

59 49 1 3 -1 
4 3 -1 1 2 
7 3 3 1 -1 

<0.5 03 1 
100 loo 2 0 -2 

5 4 01 2 
32 47 -I 2 -1 

7 8 3 2 -1 
2 72 -2 2 1 

94 22 1 
6 7 0 1 -2 
4 4 0 3 -1 

13 19 -1 3 0 
24 28 -2 1 2 

5 18 -2 2 0 
33 56 -I 3 I 
28 1 2 -2 

10.5 2 2 -2 
<OS 32 0 

7.8420 
6.2974 
5.6146 
5.2053 

4.4177 
4.3574 
4.3401 
4.3191 
4.2022 
3.9458 
3.7473 
3.6957 
3.6280 
3.5812 
3.4788 
3.3900 
3.2393 
3.1971 
3.1675 

3.1451 
3.0%9 
3.0413 
3.0254 
2.9913 

2.9498 
2.9435 
2.9240 
2.9032 
2.8978 
2.8807 

7.86% 
6.3076 
5.6162 

5.2042 
5.2084 
5.2189 
4.4217 
4.3615 
4.3438 
4.3206 
4.2021 
3.9483 
3.7483 
3.6958 
3.6289 
3.5811 
3.4792 

3.38% 
3.2401 
3.1974 
3.1682 
3.1636 

3.1448 
3.0935 
3.0409 
3.0246 
2.9910 
2.9908 
2.9497 
2.9416 
2.9252 
2.9023 
2.8%9 
2.8805 

2.8802 
2.8750 
2.8880 

Unit cell constants for A&fo~Ot7 (A = Cu, Li’) 

4) b(A) CL‘Q a P 5 

11.272 
14.051 
15.770 

16.589 

17.019 
20.082 
20.363 
20.445 
20.546 
21.124 
22.514 

23.723 
24.059 
24.515 
24.841 
25.584 

26.266 
27.512 

27.882 

28.148 
28.352 
28.803 
29.342 
29.500 

29.844 
30.273 
30.339 
30.546 
30.771 
30.831 

MA’) 
Cu.,MosO,, 9.573 10.958 6.782 91.63” 111.01” 72.%” 632.6 
LWJ5017 9.481 10.812 6.786 91.20” 110.20” 72.98” 621.8 
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TABLE II 

THE ATOMIC COORDINATES (x 10,000) AND THE 
ISOTROPIC THERMAL PARAMETERS FOR Cu.&io5017 

Atom X Y Z B&P 

MO(l) 5574.2(6) 6,720.5(5) 
Mo(2) 3768.8(5) 10,272.0(5) 
Md3) 2086.6(5) 8,003.9(5) 
Mo(4) 393.3(5) 11,486.2(5) 
MO(~) 8105.7(6) 6,123.9(5) 
c’u 7777.5(9) 4,441.3(B) 
cw 7xX.9(9) 10,790.7(10) 
Cu(3) 9006.2(10) 7,053.8(10) 
Cu(4) 5422.3(10) 3,805.qlO) 
O(1) 3288(5) 6,545(4) 
O(2) 4995(5) 7,327(4) 
O(3) -44(5) WfW) 
O(4) 4176(5) 8,449(4) 
O(5) 8312(5) 5,875(4) 
06) 2502(5) 11,781(4) 
W) 6149(5) 5,030(4) 
O(8) 2478(5) 7,653(5) 
O(9) 3391(5) 10,65q4) 
WO) 5691(5) 10,363(4) 
O(11) 7480(5) 6,%9W 
o(12) 135(5) 7,94’w 
W3) 1645(5) %889(4) 
O(l4) 9005(5) 4,641(4) 
OW) 5997(5) 6,3W4 
OV3 - 1499(5) 11,317(4) 
O(l7) 814(5) 11,002(5) 

3499.7(B) 0.6(l)’ 
1338.8(B) 0.5(l)’ 

-170.3(B) 0.5(l)’ 
-2422.5(B) 0.6(l)’ 

1276.2(B) 0.6(l)’ 
6979.0(14) 1.8(l)’ 
4552.0(14) 2.4(l)’ 
6865.8(14) 2.0(l)’ 
2262.0(14) 2.0(l)’ 

1642(7) 0.9(l)’ 
5576(7) 1.2(l)’ 

-2732(7) 0.8(l)’ 
1599(7) 0.7(l)’ 

-1192(B) 1.2(l)’ 
-515(7j 0.7i6 
4wx7) 1.0(l)’ 

-2455(B) 1.3(l)’ 
3591(B) 1.1(l)’ 
1898(7) 0.9(l)’ 
4075(7) 1.0(l)’ 

-811(7) 0.9(l)’ 
-523(7) 0.7(l)’ 
2662(7) 1.1(l)’ 

552(7) 0.8(l)’ 
-2915(7) 0.9(l)’ 
-4605(B) 1.3(l)’ 

fined in space group Pi with full-matrix 
least squares to R = 0.026 and R, = 0.039, 
where R, = [Zw(lFol - ~F,~)2&vlF,~2]1’2 with 
w proportional to [d(Z) + (0.03Z)21-1’2. The 
refinement also included a term for iso- 
tropic extinction which resulted in g = 
0.19(l) x lop4 mm. The final esd of an ob- 
servation of unit weight is 1.10. The largest 
final difference-Fourier map residual was 
0.97 e/A3. The final positional parameters 
are listed in Table II, and bond lengths in 
Table III.2 

* See NAPS Document No. 04386 for 8 pages of 
supplementary materials from ASIS/NAPS, Micro- 
fiche Publications, P.O. Box 3513, Grand Central Sta- 
tion, New York, N.Y. 10163. Remit in advance $4.00 
for microfiche copy or for photocopy, $7.75 up to 20 
pages plus $.30 for each additional page. All orders 
must be prepaid. 

Results aud Discussion 

Analogous to the synthesis of CugMo~018 
(I), Ct4M05017 was prepared hydrother- 
mally at 500°C and 3 kbar pressure from a 
stoichiometric mix of the simple binary ox- 
ides: 

2 CuzO + 5 Moo3 2 C~qMo~0,7. (1) 

Subsequently, it was observed that Cu, 
Mo5017 formed a congruent melt (Fig. 1, 
DSC curve) and therefore larger single 
crystals, suitable for use in making the re- 
sistivity measurements, could be prepared 
via the Bridgman technique. The stoichi- 
ometry of Ct4M05017 was checked by oxy- 
gen uptake (Fig. 1, TGA curve) and found 
to be consistent with the conversion of 
Cul+ to Cu2+ according to 

Cu4M05017 + O2 -t 4CuMo04 + MOOS. 
(2) 

As in the case of Cu&Io501s, both ESCA3 
and ESR4 measurements performed on 
freshly prepared samples handled under ni- 
trogen confirmed the oxidation state assign- 
ments as ~u:+Mo$+%. 

The 4-probe electrical resistivity mea- 
surements are also concordant with the oxi- 
dation state assignments made above. 
Freshly prepared C~qMo50t7 is a semicon- 

3 ESCA spectra were recorded on a Du Pont 650 
instrument. Freshly prepared Cu&losOt7 samples han- 
dled under nitrogen give a single Cu 2pm Es line at 
932.6 eV, indicative of Cut+. As the samples aged in 
oxygen a second line appeared at 935.5 eV, indicative 
of Cu2+; for CuMo04, Cu 2pyz EB = 935.4 eV. For a 
discussion of the ESCA results see J. Haber, T. 
Machej, L. Ungier, and J. Ziolkowski, J. Solid State 
Chem. 25, 207 (1978). 

4 ESR spectra were recorded on a Bruker ER-420 
instrument. The lack of a detectable Cu2+ signal on 
freshly prepared CugMos018 samples handled under ni- 
trogen implies that copper is present in the Cur+ oxida- 
tion state. Cu&losOts samples aged in oxygen did ex- 
hibit a Cu*+ signal at liquid nitrogen temperature. No 
attempt was made to quantify the amount of Cur+ 
present. 
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TABLE III 

BOND LENGTHS (IN A) FOR CU~MO~O~~ 

219 

MO(~)-O(1) 
-O(2) 
-O(4) 
-O(7) 
-O(ll) 
-0(15) 

MO(~)-O(3) 
-O(6) 
-0(12) 
-0(13) 
-0(16) 
-0(17) 

al(l) -O(l) 
-O(3) 
-O(5) 
-O(7) 

Cu(4) -O(2) 
-O(7) 
-O(8) 
-0(15) 

2.161(4) 
1.739(5) 
2.113(4) 
1.787(4) 
1.824(4) 
2.188(4) 
1.867(4) 
2.083(4) 
2.449(5) 
1.989(4) 
1.785(4) 
1.702(5) 
2.115(4) 
2.049(4) 
2.043(5) 
1.988(5) 

2.161(4) 
1.918(5) 
2.133(5) 
1.935(4) 

MO(~)-O(4) 
-O(6) 
-O(9) 
-O( 1O)f 
-O(lO) 
-0(13) 

MO(~)-O(3) 
-O(5) 
-O(6) 
-O(ll) 
-0(14) 
-0(15) 

Cu(2) -O(2) 
-W-U 
-O(9) 
-O(lO) 
-0(16) 
-0(17) 

1.921(4) 
1.909(4) 
1.707(5) 
2.468(5) 
1.773(4) 
2.129(4) 
2.063(4) 
1.760(5) 
2.224(4) 
2.284(5) 
1.719(4) 
1.845(4) 
2.395(5) 
2.463(5) 
2.301(5) 
1.964(5) 
1.958(5) 
2.348(5) 

MO(~)-O(1) 
-O(4) 
-O(8) 
-0(12) 
-0(13) 
-0(16) 

Cu(3) -O(5) 
-O(ll) 
-0(12) 
-0(14) 

[ 
-0(17) 
-O(9) 

1.849(4) 
2.120(4) 
1.729(5) 
1.782(4) 
1.988(4) 
2.401(5) 

2.254(5) 
1.954(5) 
1.975(5) 
2.168(5) 
2.742(5) 
2.797(5) 1 

ductor with a room temperature resistivity 
of 1.5 x 104 R-cm and an activation energy 
of -1.85 eV (Fig. 2). This activation en- 
ergy, if it is a true measure of the band gap, 
is consistent with the reddish color of Cuq 
Mo5017. However, both the resistivity and 
the activation energy of Cu~Mo5017 were 
observed to decrease upon either prolonged 
contact with oxygen or gentle heating in air 
(Fig. 2). These observations suggest that 
Cu2+ states, which would account for the 
observed extrinsic behavior, are being in- 
troduced into the band gap via oxidation. 
Though not quantified, ESR experiments 
performed on oxygen-aged samples at liq- 
uid nitrogen temperatures clearly reveal the 
presence of Cu*+ states4 Conversely, gen- 
tle heating in a hydrogen atmosphere elimi- 
nates the Cu*+ ESR signal and essentially 
restores the resistivity and activation en- 
ergy to their initial values (Fig. 2). 

The compounds CuJ40~0~~ and the re- 

lated Cu&Io~O1s were tested as selective 
oxidation catalysts for the conversion of 
methanol of formaldehyde. One type of 
commercial catalyst for this process con- 
sists of a mixture of ferric molybdate and 
molybdenum trioxide (23). Previous work 
in our laboratory (24) has shown that, in 
general, molybdates are good selective oxi- 
dation catalysts owing, in part, to the favor- 
able redox chemistry associated with Mo6+. 
Therefore, the cuprous molybdates ap- 
peared to be interesting materials for study 
since, in addition to the molybdenum redox 
chemistry, there also existed the possibility 
of involving a second redox couple, 
namely, Cur+ c, Cu*+ + Z, in the catalytic 
reaction. However, under reactor condi- 
tions (3SO°C, 7.8% CH30H in air) the cu- 
prous molybdates are converted to cupric 
molybdate, CuMo04, and found to be two 
orders of magnitude less active than Fe2 
Mo~Or2. Moreover, given the conversion 
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Ola 

FIG. 3. The metal atoms of the assymetric unit of 
C~qMosOi, shown with full oxygen coordination. 

to CuMo04, it is not surprising that Cud 
Mo50i7 samples were found to be more ac- 
tive than CugMo~Ors samples by a factor of 
5-6. This result reflects the formation of an 
active second phase, Moo3 (Eq. (2)), in the 
case of copper-poor Cu4M050r7, as op- 

FIG. 4. The unit cell of Cu&ios017 (Cu atoms, under- 
lined; Cu polyhedra, dappled; MO polyhedra, lined; 
primes indicate an inversion center at (4, 4, 4)). 

FIG. 5. Detail of the molybdenum oxide chain 
(shown at right angles) showing the 2,3 0 3,2 cluster 
repeat unit of the Moon octahedra (inversion center at ct; 0, 0)). 

posed to the formation of a relatively inac- 
tive phase, CuO, for copper-rich Cue 
Mo~Oi8: 

C&Mo501s + 3/202 + SCuMoOz, + CuO. 
(3) 

Preparatory to a discussion of the struc- 
ture of Cu4M050i7, Fig. 3 identifies the 
metal atoms of the asymetric unit and 
shows their full oxygen coordination. Ta- 
bles III and IV list bond distances. The mo- 
lybdenum atoms are all octahedrally coor- 
dinated and all show distortions typical of 
molybdenum(V1) oxides.5 On the other 
hand, only one of the four copper atoms, 

5 For a discussion octahedral distortions in molyb- 
denum(VI) oxides see Ref. (2) and also J. B. Good- 
enough, “Proceedings of the Climax 4th International 
Conf. on the Chem. and Uses of Molybdenum (H. F. 
Barry and P. C. H. Mitchell, Eds.), pp. l-22, Climax 
Molybdenum Co., Ann Arbor, MI, 1982. 
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FIG. 6. The arrangement of the molybdenum oxide 
chains looking along the n axis. 

Cu(2), has the linear (pseudo-octahedral) 
coordination typical of copper(I) oxides 
(25). The remaining three Cu atoms are tet- 
rahedrally coordinated. Tetrahedral coordi- 
nation of copper in oxides is known in two 
other cases, CuNb30s (16) and CusMo~0i8 
(I), only. Figure 4 shows the coordination 
polyhedra of the metal atoms contained 
within the unit cell of CuqMo50i7. 

17[M04] 

The structure of CuqMo50i7 can best be 
visualized as consisting, in part, of infinite, 
stepped molybdenum oxide chains, 
[Mo~O~~,~O& which propagate along the 
a axis. These infinite MO-O chains are then 
joined together by copper oxide “hooks” 
n[Cu4014,303,2], to complete a three-dimen- 
sional network. The structural components 
of &Mo50i7 and the full structure itself 
are shown in Figs. 5-8. 

A single chain of edge-shared molybde- 
num octahedra is detailed in Fig. 5. The 
chain contains five independent Moo6 octa- 
hedra with the inversion center at (4, 0, 0) 
generating a 2,3 0 3,2 repeat unit. Figure 6 
shows the relationship of the chains to one 
another. As mentioned above, the distor- 
tions of the individual Moo6 octahedra (Ta- 
ble III) are representative of those typically 
found in molybdenum(V1) oxides.5 The in- 
dividual MO-O bond lengths range from 
1.702 to 2.468 A and those found in Cug 
Mo~Oi8, from 1.713 to 2.239 A (I). In the 
CugMoS0i8 structure, it was noted that the 
molybdenyl oxygens (Mo=O; bond lengths 
cl.8 A) were coordinated only to copper 
atoms, reflecting the strongly acidic charac- 
ter of these oxygens. Of the 10 molybdenyl 
oxygens found in the CuqMo5017 structure 
(see Table IV), seven are coordinated 

FIG. 7. Copper oxide “hooks” (Cu atoms, underlined) showing the oxygen coordination in brackets. 
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FIG. 8. The structure of CuqMoS0i7 looking along 
the a axis (Cu atoms, underlined; Cu polyhedra, dap- 
pled; MO polyhedra, lined; oxygen atoms, small nu- 
merals) . 

solely to copper atoms and, of the remain- 
ing three, two coordinate to both a copper 
atom and a molybdenum atom and one only 
to one other molybdenum atom. In the lat- 
ter cases, the interactions of the molyb- 
deny1 oxygens, with the other molybdenum 
atoms are very weak (bond lengths >2.4 
A), indicative of the acidic nature of molyb- 
deny1 oxygens . 

The copper oxides “hooks” are shown in 
Fig. 7. Each “hook” consists of three dis- 
torted Cu04 tetrahedra and one apparent 
CuO6 octahedron, At first, it appeared that 
the two types of copper environments 
might be indicative of a mixed valence situ- 
ation because although tetrahedral coordi- 
nation had been observed previously for 
Cul+ ion in oxides (I, 26), octahedrally co- 
ordinated Cu’+ had not been reported.6 One 

6 This is not strictly true. In both CuNb30s and Cu6 
MoS0i8, copper atoms are found coordinated with 
four short and two long cis bonds to oxygen. The ques- 
tion, as to deciding whether to describe the coordina- 
tion as tetrahedral or octahedral, then becomes, at 
what point do the Cu-0 interactions become negligi- 
ble? 

possible interpretation of the distorted oc- 
tahedral coordination of Cu(2) might be that 
it was the result of a Jahn-Teller distortion 
involving a Cu2+ ion. However, a number 
of observations were inconsistent with this 
interpretation. First, for the vast majority 
of cupric compounds, Jahn-Teller distor- 
tions7 of the octahedral bonding symmetry 
are of the type, 4 short and 2 rruns long 
bonds. This is opposite to the distortion ob- 
served for Cu(2) (four long (>2.3 A) and 
two truns short (c2.0 A) bonds). Second, 
the semiconducting behavior of CU~MO~O~~ 
implies that the electrons should be local- 
ized, necessitating the creation of a corre- 
sponding molybdenum(V) ion, yet, based 
on bond valences determined from bond 
strength calculations (see Table IV); all the 
molybdenum atoms of Cu4MosOi7 show co- 
ordinations typical of Mo’~+.~ Finally, no 
Cu2+ ESR signal could be detected for 
freshly prepared samples of Cu4M0501,. 
Therefore, Cu(2) is most properly de- 
scribed as having the linear coordination 
typical of Cui+ ion. 

The formulation Cu:+M&Oi7 is further 
supported by the earlier report of the for- 
mation of the Li analog, Li4MoS0i7 (II). 
Although the structure of L&Mo50i7 has 
not been determined in detail, the similarity 
of the unit cell parameters (see Table I) sug- 
gests that the structure type is the same for 
both CudM05017 and L&MosOi7. In the re- 
lated case of the niobates, ANb30s (A = Li, 
Cu) (17, 16), for which the crystal struc- 
tures are known in detail, the substitution 
of copper for lithium is found to result also 

’ For a discussion of the stereochemistry of cop- 
per(B), see F. A. Cotton and G. Wilkinson, “Ad- 
vanced Inorganic Chemistry,” 4th ed., pp. 811-812, 
Wiley, New York, 1980, and references therein. 

* The unit cell parameters presented for L&Mo5 
017 are a transformation of the lattice constants 
given in Ref. (I). The transformation matrix used 
was 

0 i 0 

[ I 
001 
i 0 0 . 
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TABLE IV 

BOND DISTANCES (IN A) EMPHASIZING OXYGEN 

COORDINATION~ 

o(l) -Mo(3) 1.849 [l.lll 
-MO(~) 2.161 [O&l 
-Cu( 1) 2.115 

O(3) -Mo(4) 1.867 [I.051 
-MO(~) 2.063 [O.SEl 
-Cu(l) 2.049 

bO(5) -MO(S) 1.760 [1.501 
-al(l) 2.043 
-G(3) 2.254 

*O(7) -MO(~) 1.787 [I.361 
-G(4) 1.918 
-Cu(l) 1.988 

b0(9) -MO(~) 1.707 [1.801 
-G(2) 2.301 

O(ll)-MO(~) 1.824 Cl.211 
-MO(~) 2.284 [0.31] 
-Cu(3) I.954 

0(13)-M&3) 1.988 [0.721 
-Mo(4) 1.989 [0.721 
-MO(~) 2.129 [O&l 

0(15)-MO(S) 1.845 [I.131 
-MO(~) 2.188 [O/+01 
-al(l) 1.935 

b0(17)-Mo(4) 1.702 Ll.831 
-Cu(2) 2.348 

b0(2) -MO(~) 
-Cu(4) 
-Cu(2) 

O(4) -MO(~) 
-MO(~) 
-MO(~) 

O(6) -MO(~) 
-MO(~) 

-MM 
b0(8) -MO(~) 

-Cu(4) 
-G(2) 

bO(10)-Mo(2) 

-MoO)f 

-G(3) 1.975 
bo(l4)-MO(~) 1.719 [I.721 

-Cu(3) 2.168 

.+0(16)-Mo(4) 
-MO(~) 
-Cu(2) 

1.785 Cl.371 
2.401 CO.231 
1.958 

1.739 [1.611 
2.161 
2.395 
1.921 [0.88] 
2.113 [O.SO] 
2.120 CO.491 
1.909 [0.92] 
2.084 [0.54] 
2.224 [0.37] 
1.729 U.661 
2.133 
2.463 
1.773 [I.431 

2.468 10.201 
1.782 i1.39j 
2.449 [0.21] 

a MO-O bond strengths in brackets.9 
b Short molybdenyl (Mo=O) type interactions (bond strength >I.331 

in the retention of the structure type, even 
though a change in the coordination of the 
A atom does occur. For LiNbsOs, lithium 
occupies a distorted octahedron with Li-0 
distances ranging from 2.08 to 2.34 A. In 
CuNb308, the copper is at the center of a 
very distorted tetrahedron with Cu-0 dis- 
tances ranging from 2.08 to 2.25 A; two 
other oxygen atoms (cis) are found at 2.43 
and 2.49 A from the copper, completing a 
distorted octahedron. The unsuitability of 
octahedral coordination for Cul+ cations 
was also observed in Cu~+Mo?Ols (I). In 
CugMo~Ots, the three independent copper 
atoms are best described as being tetrahe- 

9 The bond strength, s, is derived from the expres- 
sion, s = (d/l .882)-6,o, where d is the bond length in A. 
Taken from J. C. J. Bart and U. Ragaini, “Proceedings 
of the Climax 3rd International Conf. on the Chem. 
and Uses of Molybdenum” (H. F. Barry and P. C. H. 
Mitchell, Eds.), Climax Molybdenum Co., Ann Arbor, 
MI, 1979. 

drally coordinated, but one of the copper 
atoms also can be described as sitting in a 
very distorted octahedron with four short 
(1.91-2.17 A) and two cis long (2.84 and 
2.96 A) oxygen interactions. This type of 
distortion is also found in the present struc- 
ture, where Cu(3) has in addition to four 
short bonds (1.954-2.254 A), two long cis 
oxygen interactions (2.742 (0.17f) and 
2.797 A (0.9e), as shown in Fig. 3). It there- 
fore appears that the inability of a Cul+ ion 
to stabilize octahedral coordination ac- 
counts for the distortions of the copper ox- 
ide polyhedra observed. As a result, two 
general types of distortion from octahedral 
symmetry now can be recognized: one in- 
volving the movement away of two cis oxy- 
gens to give a distorted tetrahedral coordi- 
nation about the copper, and a second 
involving the moving together of two tram 
oxygens (with a consequential lengthening 
of the remaining four oxygen interactions) 
to give the linear coordination typical of 
copper(I) oxides. 

Based on the ANb3Os (A = Li, Cu) obser- 
vations, it can be predicted that the struc- 
ture of Li4M05017 will differ from that of 
C&M05017 in such a way that small shifts in 
the Cu4M05017 oxygen positions would ac- 
commodate an octahedral coordination of 
the lithium atoms. We are currently at- 
tempting to grow crystals of Li4M05017 and 
to synthesize Li&40501s crystals for struc- 
ture determinations. We would like to be 
able to make detailed structural compari- 
sons with the corresponding copper molyb- 
dates in at attempt to gain further insight 
into the coordination chemistry of Cu* +. 
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